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Josephson Tunneling 

Through Hetal Barriers 

New phase-lock techniques have been employed t o  

study the electrical and magnetic properties of super- 

conductor-normal metal-superconductor junctionss The 

junctions were of the mechanical cmtact type, using tin 

and gold, 

0 
Josephson tunneling was obsewed through 10,500A of 

gold,  and the current-voltage characteristics were found 

-bo agree with current theories, including the effects of 

fluctuations 

Voltage-magnetic field characteristics were used to 

verify the existence of '@excess supercurrents## in the 

junction, and to determine the previously unknown current 

carrying area of the junction, 

A model, based on the deEennes theory and taking 

into account the effect of barrier resistance, was 

proposed to explain the data, The critical current 
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dependence on the normal metal thickness, resistance and 

temperature w a s  in agreement with the theory, 

It w a s  found experimentally that the I-V character- 

istics can be modified by a control current, introduced 

directly into the N region of the SETS junction, 

Author: Roger Be Rockefeller 

Advisor: Professor H a n s  Meissner 

8@y, 9970 
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I, Intr&uction, 

The discovery of superconductivity became possible 

when merlingh Onnes succeeded in liquifying heXium, 

Liquid helium exists at a temperature of 4*2 degrees 

Kelvin (K) under atmospheric pressure and it provides one 

with a liquid bath environment f o r  the stucy of phenomena 

at low temperatures, 

While studying the propertaes of mercuv at l o w  

temperatures, Onnes noticed 19* that the electrical resis-  

tame of his sample became immeasurably small be low 4K, 

'Phis w a s  the discovery of superconductivity. Soon, there 

were many polyvalent metals found whose resistance appar- 

ently dropped to zero below it characteristic temperature 

called the transition temperature, Tc a The metds that 

exhibit this behavfor are called superconductors and the 

currents that f l o w  through them, in the absence of a 

I, He Kamerlingh Omes, Leiden Come,1L22b, 124c (1911), 
2, H, Kamerlingh Ones, Leiden Cam, Supple No,34 (1913). 
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resistance, are called supercurrentso It was also no- 

ticed that, in an applied magnetic field H, .the super- 

conductor loses its property of zero resistance. The 

characteristic field for which this occurs is called the 

critical f i e l d  If,. 

In 1933, Walther Ifleissner and R, Ochsenfeld showed 

that a superconductor is not accurately described as j u s t  

a n  ideal conductore3 In addition to its property of  zero 

resistance, it acts like a perfect diamagnetic materia.1. 

The discovery that a superconductor will expel magnetic 

flux, B, f rom its interior implies tha% the %ransition 

f r o m  the superconducting state to the non-superconducting 

(normal) state is thermodynamically reversible, It 

f o l l o w s  that H = -4flK inside -the superconductor in an 

applied field, where $1 is the ma,7netizatione 

I e Be The or e t  ical Background . 
Thermo4ynamics was first applied t o  the problem of 

3, V?. Neissner and I!, Ochsenfeld, Naturviss 21,787 (1933 
_. 
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4 suQerconductivity by Gorter and Casimir e 

field, the Gibbs free energy is given byt 

In a magnetic 

G,(T,H) = G,(T,o) + H2/8T ImBe11. 

which leads to the free energy difference between the 

normal and superconducting states, 

G,(T,o) - @,(T,o) = 1138 IeBe 2 

The basic thermodynamic apgroach to superconduct- 

ivity is to find an expression for +;he free energy of the 

particular superconducting state being examined. 

this expression is minimized, using the calculus of vari- 

Then, 

ations, This procedure yields conditions for the equilib- 

rium state of the system, An example of this approach 

w i l l  give one the spatial dependence of in a super- 

c onduc t O r m  The 

magnetic fieldt, 

free energy is written in terms of the 

4* C, Gorter and HeBmGe Casimir, Phpica 3.$ 306 (193$)e 
5 8  P,G, deGemes, 

(WeAa Benjamin, 



4 

where Eo 

r e s t  i n  the superconductor, Ekin is the k ine t i c  ener,gy 

o f  the superconducting currents a d  E is the energy 

associated w i k h  the applied magnetic f i e l d ,  This equation 

becomes, 

is the t o t a l  f r e e  energy of the electrons a t  

mag 

w i t h  )+,equal to, 

and m is the e f fec t ive  mass of the electron, c is the  

ve loc i ty  of l ight ,  e is the charge of the electron, and 

is the densi ty  of  superconducting electrons i n  the 
4 r e f e r s  t o  the  Gorter and C a s i m i r  * 

metal Bere, ns 

* 
CGS u n i t s  w i l l  be used throughout t h i s  work unless other- 

w i s e  noted, 



36 
phenomenological two-fluid model of  superconductivity a 

Assuming that ns is independent of H and using the 

calculus of variations, a condition on H is found, In 

the case of a semi-infinite, flat, superconducting slab 

the tmgential magnetic field is given by, 

in the superconductor, The normal to the surface is in 

the’ z-direction, That is, the magnetic field penetrates 

the superconductor for a distance on the order of‘ A, 

called the 

who proposed it, Typically, is of the order of  10”’ 

to em, 

London penetration dedth, after the men 697 

* Here, it is assumed that in the superconducting phase, a 
certain fraction of the conduction electrons condense 
into an ordered state which does not contribute to the 
entropy of the system, These are the so-called super- 
conducting electrons, The remaining electrons are in 
the normal state, While not rigorously correct in the 
light of the current microscopic theory, this model is 
useful in picturing mayly aspects of superconductivity, 

6, F, London and H, London, Proc. Roy, SOC, __p Al49, 71(1935$e 
7 e  F, London and H, Londton, Physica,, - 2, 341 (1935), 



The Bleissner effect and Eqe I.B.6 can a l s o  be der-. 

ived from electrodynamic equations if one replaces Ohmss 

l a w  by another relationship in a superconductor, 

current density, 

The super- 

js , is written as, - 

A =  H 
1 * L .  

where A is the vector potential defined by 

in the gauge y.A = 0 . The force equation, m dy/dt = 

-cE may be written (using the relaption, j = -nsey) as, 

e 

.. s - 

Equa,tions I ,B ,7  & I.B,8 are known as the London 697 

equations, They can be combined to give Eq. I.Be6 a.s 

well as other features of superconductivity and are especi- 

a l l y  important in that they show the relationship between 

the supercurrent and the magnetic field, 

In the absense of a magnetic field, the superconductor 

experiences a transition of the second order in going t o  

the normal state, In a magnetic field, the transition oc- 

curs when T Tc(H = 0) and it is a first order transi- 

tion. The critical field is temperature dependent and is 
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descr2bed to wit;bim a few percent by, 

Hc(T) = Hc(0)C1 - W T , ) * I  IeB.7 

This is plo t ted  i n  Fig. 1, This f i g u r e  is a l s o  an 
I I 

0 0.5 I 

T /  Tc 

blagnetic Field vs 'Temperature. 
Fig. 1. The Cr i t icaJ  

equilibrium phase diagram. The s t a t e  of the system, a t  

aay po in t  on t h e  diagram, is independent of  the path t h a t  

is taken t o  reach it. 



a 

From experiments, Pippard’ realized that’ the penet- 

ration depth was a function of the mean-free-path, lb 
This fact becomes apparenC when A, is of the order of ft 
Following a similiar treatment used in the anomalous skin 

effect in norma1 metals, Pippard prapased that the- local 

London equation (Eq. I,B,7) be replaced by the non-local 

relation, 

Here, 3 ,  is a constant, wMLe 3 = 5 ( 8 )  . Both have the 
units of length, 5, is an intrinsic length (called the 
intrinsic coherence length) of the pure superconductor at 

T = 0 a 

conductor which describes the distavlce over which the 

effects of a perturbing force are important. It is called 

the  Pippard coherence length, The functional dependence 

of 5 ( g )  was not theoretically determined and experiment- 

5 (4) is a, characteristic lengt9 of the super- 

8, A.B.Pippard, Proc,Roy.Soc, (London) s__ A203, 210 (1950). 
ge A,B,Pippard, Proc,Roy,Soc, (London) - A216, 547 (1953). 
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ally it obeyed a relation, 

This indicates that 3 ( 8 )  is always smaller than go and 
approaches so as 1 + m e  5, can be determined from the 

microscopic theory (and was experimentally determined by 

Pippsard} and is, 

I.C. 3 

is the Fermi velocity. 5, is approximaeely the vf 
minimum size of an ensemble of electrons, at the Fermi 

surface, w i t h  a n  energy kTc. 

To summarize, Pippard had shoirvla that tlp-super- 

condeucting electrons (or their quantwn mechanical wave 

functions) are not rigid in an applied magnetic field, 

but could be perturbed, from a point, over a distance S(2le  

That is, the coherence length is the minim distance over 

which any substantial change in the properties of a super- 

conductor can take place, 



10 

The microscopic theory is a quantum mechanical theory 

that describes superconductivity within the framework of 

electrons interacting in a metal lattice, The groundwork 

was done by 

lattice, m y  experience attractive interactions %bough 

coupling by lattice vibrations (phonon coupling), He was 

able to show that sbme phenomena such as the isotope effect 

followed f rom these interactions. 

H, Frolich” who noted that electrons, in a 

In 1956 p 

electrons, just 

Cooper” w a s  able to show that a pair of 

above the Fermi surface, could form a 

bound state if there were any sort of attractive foree 

between them, T h i s  l e d  to the fundamental Bardeen, 

Cooper , Schrieff erl* (BCS) theory, 

BCS envision a ground state of the electronic system 

composed of Cooper (electron) pairs, These are electrons 

with equal and opposite spin and momentum, coupled by 

LO. 
11, 
12. J, Ba.rdeen, L,N, Cooper and J.L Schrieffer, Phys, 

H, FrGlich, Phys, Bev. 79, 845 (1950). 
Let?* Cooper, Phys, iiev. 104, 1189 (19%). 

Eev, 1__ 106, 162 (1957); a, 1175 (1957)0 



phonon intera,ctions and sepazated by as much as a, coherence 

length,  The ground s-&a.te is separated from the exci ted 

s t a t e s  by an energy gap (T) which is es sen t i a l ly  the 

energy required t o  break up a Cooper pa i r ,  The BCS 

theory character izes  a me-tal by i ts  Debye temperature,@ , 
i ts  e lec t ron  dens i ty  of s t a t e s  ast the  Fermi l e v e l ,  N(Ef), 

and an electron-la , t t ice-electron in t e rac t ion  potentia, l ,  V. 

It predic t s  a. t r a n s i t i o n  temperature, 

which is a,dequa,tely coiif irmed by elxperiment, The .BCS 

theory a , l s o  confirms the exis tance of  Pippards s i n t r i n s i c  

coherence length (Eq. I.C.3) and suppl ies  the value of the 

ecmstaurt 0 3  e 

In 1950 , well before the  development o f  t he  micro- 

scopic theory, Ginzburg and Landau13 produced a powerful 

and  i n t u i t i v e l y  sa t i s fy ing  phenomenological theory o f  

13. VmLm Ginzburg and L,Do Landau, J.E,T.P, - 20 ,  1064 
(1-950) e 
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superconductivity, They proposed the existence of a com- 

plex function, 21/ (r) t o  characterize the superconducting 

s.tate of a material. They assumed that l# (r)  represen- 

ted some "effective wave function" of the superconducting 

electrons. They chose a normalization such that y(r) fy(r) 
* 

represented the density of superconducting electrons. 

Ginzburg and Landau (GL) point out that y ( r )  is only 

determined to withiii a, multiplica.tive phase factor o f  

exp(i@) 

duct y*y . They then choose a. free energy approach to 

find relations f o r  and other varia.bles of the problem, 

since all observable quantities involve the pro- 

The following aaalysis is a synthesis of the work of de- 

Gennes5 ? Uercerea.ul 4 9  Chandraselchar' 4 3  Berthamer149 Joseph- 
son14, and Lynton 15 e 

The free energy of  a superconductor can be expanded * 2 
in terms of its cha,ra,cteristic parameter = fyl . 
The term "TI/ 
Near the transition l;empera.-ture, is srna.11 and an 

expression -to the second order in )Zy)  is vaJid, 

will be refered to as the "order parameterfi. 
2 

2 Tha,t is, 

1 4 e  (1,Ia.rcel Dekker Inc New York, 
H,D, Parks ,  Cha,pters 8 J 9 6  & 9. 

15. E.& Ly-nton, (John L'iley & Sons, 
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in the a.bsense of a magnetic field, The quantities OC 

a,nd aze expansion coefficients to be determined, If 

we include the effect of a, magnekic field, t w o  terms must 

be added t o  Eq. I.E*lS The first is, 

I.E.2 

which preserves the gauge invariadce oA G in a magnetic 

field, It is noteworthy that the term is that term 

which leads to an energy associated with a spa,tial -sra,ria.- 

tion of (due to the presence of 4 for instance), 

This is equivalent to saying tha.t ?P camot change too 

quickly with distance (it requires t o o  much energy) and 

thus introduces the concept of a. range of coherence, The 

second term t o  be added is the energy H /8n e 
2 

The coefficients and can be shown (Ref,5? page 

175) to be, 
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near Tc Note that OC is temperature dependent, 

Minimizing the f r e e  ener,T expression with respect 

,A, the fdlming equations f o r  equilibrium to 71/ and 

axe oh tained . 

I ,E ,6  

These are the Ginzburg-Landau equations. The boundary 

conditions to be used with these equations aze, 

b 

for the vacuum-superconductor interfa,ce, and, 



- 2e~fc)~y = iao I ,E.8 

for the interface between a normal metal and a supercon- 

ductor. a, is a real constant. 

For weak fields, where does not change spatially, 

that is when Vv-0 , the GL equation 1.L6 reduces 

to London's equation, or its equivalent form, 

where the faactor o f  4 comes f rom the fact tha,t a. Cooper 

pair has a. charge of -2e, a d  ns =IT1 has been used. 
2 

-. 

To illustrate how a characteristic coherence length 

follows from the G.L equations, consider the case where 

= y ( x )  and the currents and magnetic fields are sna,lL 

Eq. I ,E ,5  reduces to, 

3 - ( fi2/2m) d2p/dx2 + v = 0 I e E e 1 0  

where, in an unperturbed superconducting state, 

just the constant given by, 
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Now consider what happens when the supereonductor 

undergoes a change at some point, so that p<x) is per-. 

turbed, Eq. I.E. 20 c a n  be simplified by writing it in 

terms of  a. reduced order parameter, q ( x > ,  such that, 

16 Then Eq. I .E ,  10 reduces t o  

with 

1,E. 14 

As c a n  be seen from the  form of t h i s  equation f o r  

(x) , 
(x) cannot  vary rapidly. It  is cal led the Ginzburg- 

x,, is a cha.ra,cterist ic length,  over which 

16, deGennes, see re f .  5 ,  p. 178, 



I ?  

Landau coherence length and, near Tc9 
27 ature depenaence, 

has the temper- 

I.E.15 

I.E.16 

A dirty metal is one in which the mean-free-path is 

much less than the coherence length, 

11. Theory af the Experiment. 

1 I e A . o  The Ginzburg-Landau Theory Applied t o  N-S Junctions. 

The G-L theory allows one to find the order para- 

meter in a superconductor when the superconductor borders 

on a normal (an S-N interface) metall, Consider the axe- 

dimensional problem of a normal metal (occupying the half- 

0 ) in contact with a superconductor 

17. deGennes, see ref, 5, p0225* 



(occupying the half-space 0 4 x ) at  the plane 

x = 0. The so1utionl8 t o  a. I,E.13 is, 

The quant i ty  xo must be chosen t o  s a t i s f y  the boundary 

condition given by Eq. I,E.8, This can be wri t ten,  

II,A.2 

1 

where and % = ( O B / -  )z have been absorbed in to  

the  constant l/b I) Then b determines the magnitude of 

at the boundary, It is usual ly  c a l l e d  the extrapol- 

at ion length. If xoc( 3, then -xo 2 b . The 

so lu t ion  f o r  (x) a l s o  s a t i s f i e s  the boundary condition 

a t  x +a3 (see Eq. I.E.7 ). 

18 

In  Fig. 2 a p l o t  of  (x) VS. x is shown. 

The value of b has been chosen as 0.2 xGLO The value 

of (x) at  the boundary x = 0 may be closely 

approximated by assuming that,  

18, deGennes, see r e f ,  5 9  ~ ~ 2 3 3 ~  



(X = 0) = b/', IImAm 3 

It is shorn in Fig, 2 that, 

0 %, 2 9, 
x 

Fig. 2 (x) vs. x 

To find the order  parameter in a normal meta1,near 
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an N-S boundary, a theory of deGennes" is used, 

A $1 condensation amplitude" , F(x) , is defined by 
deGennes as, 

.4 Ir 

where v9(x) and #f*(x) are aanihilation operators for 

an electron with s p h  up and spin down, respectively. 

F(x) denotes the probability mplitude for finding two 

electrons in the condensed state at the point X. Then, 

q ( x )  can be replaced by F(x)  in the following work. 

F(x) is related to the energy gap by the expression, 

A(x) = V(x)F(x). V(x) is the interaction potential. 

A(x) is a spatially dependent energy gap function, first 

introduced by Gore kov 20-22 in his microscopic derivation 

of the G-L equations, It is called the pair potential. 

19, P,G, deGennes, Rev, Mod, Phys, s9 224 (1964)e 
20, Lap ,  Gorskovo J,E,T,P, 36, 1918; 37, 8339  1407; 

Soviet Physics JE%T - 9, n 6 4  (1959)T 

22, L,P, GOT'~OV, Soviet Physics JETP 593 998 (1960). 



21 

According to Deutscher and deGenne~*~, the behavior 

of F(x) = FN(x) in the normal-metaL is given by, 

for 1x1 >K? ~ ( x )  is a slowly varying function of x 

(the distance from the boundary) and can be neglected com- 

pared to the exponential term, 

transition temperature, TcHs then for TCN 2 0, K-' is 

If the normal metal has a 

given by, 24 

xNis the coherence length in the nom& metal ayLd is 
given by, 23 

5, = 5vN i2rtkT in the clean limit I IeBe4  
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’pwo other bowldary c~nditions’~”*~ to be.met at the 

N-S interface are, 

11,B.E; 

and 

where Ns and NN are €he respective densities of state 

(at the Fermi surface) in the S and N materials, FS 

is the value of F in the superconductor, It w i l l  be 

assumed that Ns = NN so that, 

FN(0) = FS(0) F(O) I I , B , ~  

Then Eq. II.A.3 becomes, 

F(O)/F&4 = b/J2XGL 

and Eq. 11,B.Z can be approxima-ted by, 
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where TCN is assumed to be zero. On the S side of the 

interface, Eq, II.A.4 becomes, 

f o r  x )@ XGL From Eq. IT,B.clo the extrapolation l e w h  

is given by, 

The condensation aplitude has now been determined 

in the vicinity of an N-S boundary, 



The fact that supercurrents can pass through a thin 

layer of non-superconducting material 

t w o  superconductors, w a s  experimentally discovered br 

H, IMeissner 

theoretical paper explaining the superconducting kr.mel- 

ing of Cooper pairs and predicting other effects such 

a,c, (alternating current) supercurrents at finite volt- 

ages, LC, (direct current) current steps in r,f, (radio 

frequency) fields an& magnetic interference. 

sandwiched be 

26 Fours years later, Josephson27 wrote 8 .  

Josephson used the method of the tunneling Hamilton- 

ian, in which the transfer of normal electrons is the 

primary process, 

which had previously escaped notice, was the transfer of 

electron pairs, giving rise to a supercurrent. In the 

original paper, it was noted that the non-superconducting 

material could be either an insulator o r  a normal metal, 

However, most  of the following work was with insulators 

He then showed that a secondary process, 

2 6 ,  H, TJeissner, Php, iiev. - 109, 686 (1958), 
27, B,D, Joseshson, Phys, L e t t e r s  - 1, 251 (1962), 
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a d  only the SIS (swperc on&xtor-insulator-superconduc tor) 

junction is widely hown as a @@"Josephson junctiont8, 

SNS (superconducto-r-normal. metal-superconductor) junction 

is, in fact, quite similar to the SIS junction, The 

primary differences are in the magnitude of the super- 

currents (commonly called Josephson currents), their 

temperature dependence and, at finite voltages, the co- 

existence of large normal currents. A wave-mechanical 

derivation of the Josephson effect, based on the G-L 

theory w i l l  be presented here. 

The 

In the presence of a small cirrrent. the complex 

nature of the condensation amplituh 

must be considereb. The absolute phase 8 is undetermined 

by the G-L equations. That is, if Fl is a solution 

to the G-L equations, then F1 exp(i8) is a l s o  a 

solution, However, phase differences in superconductors 

are determined in these equations. The fact that phase 

differences are determined implies that the phase is a 

F = [FIexp(ie) 

variable having the property of long-range-order. 

pointed out by Anderson28, the phase is both a thermo- 

dynamic and a. dynamic variable, with a; time dependence, 

As 
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where G is the free energy, q is the charge (q = 2e 

for a Cooper pair), n is the number of particles des- 

cribed by @ and p is the chemical potential. This 

relation, with q = 2e, is a l s o  known as the Josephson 

frequency relation, 

The long-ra.nge-or&er in e is due to the interactions 
of the electrons in the superconductor, If two super- 

conctuctors are physicaxly separates, the motion of the 

electrons in one are  independent of the motion in the 

other, 

with eZ in the other. If the two superconductors are 

brought together in such a manner as to allow a small 

fraction of the electrons in one to flow to the other, the 

phases may become correlated, if not equal. This iscalled 

weak-coupling, Methods of producing weak-coupling include 

the placing of a thin layer of normal metal, a very thin 

layer of oxide or a,narrow superconducting bridge between 

the two superconductors, The microscopic theory shows 

-that the supercurrent (Josephson current) , that may pass 

through such a weak-link, has the phase dependence, 

Then 0 ,  in one superconduc€or is not correlated 
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II,C,2 

where 1, is a parameter to be discussed, 

8 

The derivation of Eq, II,C,2 f r o m  deGennes theory 

of an SNS jun~tion’~, depends on the microscopic result 

that FN decays exponentially with distance in the normal 

metal, Consider the 

I 

SNS junction shown in Fig, 3e 

Fig, 3 A PfIodel 
of a,n SNS junction, 

The condensation amgditude, evaluated in the normal metal, 

has a contribution from each superconductor, Assuming 

that the t w o  superconductors are identical, so that 

is the same in each, Eq,II,B.’IO becomes, 
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where 0, and €2, are the phases in the superconductors 

on each side of the normal metal. The factor 

been added to obtain the proper boundary conditions at 

the interfaces (x = kal)e The tota.1 thickness of the nor- 

To obtain the Josephson supercurrent density9 j sp  use 

is .made of Eq, I , E , 6 ,  Fo r  small ( o r  zero) magnetic 

fields, it becomes, 

JS = (&mi) (F*dF/dx - PdF*/dx) II,Ce4 

Making the substitution f o r  Fla(x) given by EqeII,C,3, 

the x dependence drops out and js becomes, 

JS = jcsin(@, - e,) 

with jc given bye 
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II,C,6 

EqeII,B,113 has been substituted for be It can be seen 

that the supercurrent density depends exponentially on the 

normal metal thiclmess, 2ae 

is called the critical Josephson current density, J c  
It is temperature depenaent, as can be seen by examining 

is given by Eq,I,E,?5, and is given by 

Eq.II,B,S, The temperature depenapnce o f  Fs ) is the 

same as that of  the enerbgy gap e Making these substitu- 

tions, and introducing the reduced' temperature, 

and a reduced energy gap, A(t)/A(Q), it is  found that, 

29 

t = T/'Pc, 

with a temperature independent quantity, D, given by, 

D =  II,C,8 

29, G, Hickayzen, see ref, 14, p,7Se 



It is convenient t o  l o o k  a t  the I n  j c9  given by, 

In j , ( t)  = Co 

I I ,C*9 
Where C, = In  D, and, 

f ( t )  = In[ (o)]*t-&(, - t )  I I e C . 3 1 0  

f(t) has been calculated and plot ted vs t i n  Fig, 4* 

1 1 
(t)  var ies  as (4 - t)z and t2- variations 

a r e  negl igible ,  Then j c ( t )  has the dependence, 
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ac(t> OC (1  - tI2 f o r  t-1 I I . C ,  11 

For low temperatures , (t) does not vary rapidly 

and the exponential term in jc(t) will doninate, That 

is 

1 -- 
In jc(t) csc - t” for t 6< 1 II,C,12 

F o r  intermediate temperatures, the complete expres- 

sion derived f o r  jc(t) must be used, 

In a magnetic field, the phase difference of the 

condensation amplitude, across a barrier, is not an in- 

varient quantity, 

(-2e/hc)pedl mst be added s o  that, 

To make it so, 3*,3’ a factor of 
2 

30 0 P,W, Anderson and J .Ne  Rowell, Phys. Rev, Let, - 9  10 

31, B,D, Josephson, Kev, Mod, Phys. z9 216 (1964), 
230 (1963)e 
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F(x,A) = F(x,O)expf(-2ie/Bc) 
I 

I I e D ,  1 

The effects of a mapetic field upon a Josephson 

junction were first observed by Rowell e They are direct 

proof of quantum interference on a macroscopic scale, The 

effect may be calculated as follows, 

32 

33 

Consider the two-dimensional juxction shown in Pig,5* 

Pig, 5 A Two Dimensional SNS Junction 

*Y e 
in an Applied, Normal Magnetic Field, 

32, J,M, Rowel l ,  Phys. Rev, Let, TI, 200 (1963). 
33* R,P, Feynman, R,B, Leighton and IT, Sands, Lectures 

(Addison-Wesley, Mass, 1964) Vo1,III 
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The total supercurrent Is , through the junction, is 
given by, 

2 
Azdz]dxdy 

I I o D e  2 

where the line integral is evaluated over the distance 

d =  + 2 h . A is the penetration depth, ' The current 

carrying area of the junction is just 

integral becomes H xd, Then, in'riroducing the quantum 

unit of flux, P,, 

2x,2y1 e The line 

Y * 

Io = hc/2e I I e D e  3 

the supercurrent ca;n be expressed as, 

I, - - jcsin[e, - 8, + (2~f$xd/$)]dxdy 0 I I a D e 4  

2 +f In the CGS system, 
In the system, = hJ2e and has the value, 
2,07x10- webers, 

has the value, 2,07~10~~ gauss-cm 
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This c m  be rewritten in terms of  exponentials t+s, 

fexpCi(B2 - dxdy] II,D.5 

where means *'the imaginary part ofaie  Performing the 

integration and multiplying by = 2x1/2x, this becomes, 

Noting that 2x H d is the magnetic flux , through the 
junction, and inserting absolute value signs,since the 

direction of current f l o w  depends on external conditions, 

the supercurrent becomes, 

l Y  

IIeDm7 

where , 

I, = 1, sin(n I I e D m  8 

and IC is the critical Josephson current and I, is 

a maximum critical Josephson current, 

Another case of  interest is that of two si 
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Josephson junctions in parallel, The circuit is illus- 

trated in Fig.6, 

1 

Fig. 6 ltwo Josephson 
Junctions in Parallel. 

The condensation amplitude is again given by E q , I D , l  

and the difference in amplitude between points a and b 

must be independent of the path taken for the line integ- 

ra, Performing the integration33, it is found that 

) I  cos II,De9 



where IC is the critical Josephson current of the in- 

dividual junctions and I, is the total maximum Josephson 

current is ths magnetic flux passing through each 

junction and is the total magnetic flux enclosed between 

the t w o  junctions, This is a quantum interference effect 

and w a s  first seen by Jaklevic, Lambe and Silver34, The 

double junction is pertinent to this work because multiple 

junctions may arise in mechanical contactso 

mental results verify this, 

The experi- 

It has been shown by Ferrell and Prange3’ that the 

magnetic field of a supercurrent, flowing through a Jos- 

ephson junction, exhibits a Meissner effect which in turn 

limits the maximum current, This is called self-field 

limitinge 

penetration into the junction is, 

The characteristic length of the magnetic field 

34* R,C, Jakle-vic, J,J, L m b  d A,H, Silver, Bhys, Rev, 
Let, _I 12, 159 (1964)e 

35e RaAm Ferrell and R,E, Prangep Phys. Rev, Letrn 
479 (I963)* 
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is called the Josephson penetration depth, As J 
defined in Pige50 d = + 23\ e Thus, if the width of 

the junction is less t we can assume that the cur- 

rent is evenly distributed throughout the junction, How- 

ever, if the width is much greater than A,, the current 

will be confined t o  the area within a distance hJ from 
the edge of the junction, These results are approximate, 

as the problem has not been solved exactly for a finite 

geometry. Typically, the order of 0 ,  lmm, 

When the current flowing through a Josephson junction 

is less than the maximum critical current, Eq,II,D,7 is 

applicable and there is no voltage across the junction, 

When 

acteristics of the junction will be modified, 
I, is exceedted, a voltage will appear and the char- 

In the presence of a voltage, the condensation a m p  
ILitU&e bWQItleS, 36 

36 ea? see ref ,  3 3 ,  Vole 11, p,15-itOe 
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F(xpV)  = F(x,O)expf(2ie/fic I IeE ,  I 

so that the phase difference across the junction becomes 

time dependent, The rate of change of this phase differ- 

(t) s is given by, 

which is just the Josephson frequency relation given in 

Eqe I I e C e  1 r 

.4n equivalent circuit for the Josephson junction, 

driven by a current source, is shown. in. Fig,T, 
E 

R, 
Pig,7 Equivalent Circuit For 

A Josephson Junction and Current Source, 
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The external current, I, is kept constant by a large 

series resistance, RSg and an unavoidable lead inductance, 

I,. 

is the resistance of the junction in the normal state, 

G is the effective capacitance of the junction and RN 

The time dependent voltage, V(t), excites both a 

quasi-particle currento I (t), and a displacement current, a - 
IC( t) e In a two-fluid model, 49 37 the quasi-particle cur- 

rent corresponds to the normal electron current and can 

encounter a resistanceo It is expected that the resistance 

would be the same as The sum of all currents must be, RNe 

I = Is(t) f Iq(t) f Ic(t> IIeEe 3 

where the Josephson current is, 

IIoEe4 I#) = 1,Sin 

the quasi-particle current is, 

Iq(t) = V(t)/RN = ( (t)/dt, IIeE,5 

37* J, Bardeen and J ,R,  Schrieffer, 
(1961)s p e 7 O e  
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and 'the displacement current is, 

II,E,6 

Neglecting the junction capacitance, the total current 

becomes, 

II,E,7 

Solving f o r  (t) and using Eq,II.E,2 it is found 

that V(t) varies rapidly.with time but always remains 

positive, 

time-average given by, 

An externally connected voltmeter measures the 

II,E,8 

This relation was developed by Stewart38 and is 

plotted, in reduced coordinates, in Figo8e 

38, W,C, Stewart, Appled Physics Letters - 9  12 277 (1968), 
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~ig,8 Reduced Current-Voltage Characteristics 
of a Josephson Junction (from Stewart's theory), 

I I e E e  2, Fluctuations, 

The calculations above neglect the effects of 

fluctuations, If these are large enough, they can modify 

the current-voltage characteristics and completely de- 

couple the phases across the normal metal barrier, 

20 consider the effect of fluctuations on the 

current-voltaze characteristics we m m t  add a new, time- 

dependent current to the differential equa.tion, Eq, II ,EJB, 
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It becomes, 

(-k)/dt + 1,sin 11,E.g 

where L ( t )  is a fluc-ha,-tin,- noise current,  Ivanchenko 

and Z i l  b e rx -~mn~~  and Ambega,okar and Halperin4' have solved 

this equation by converting it i n t o  a Fokker-Planck 

equation, The r e su l t i ng  i n t e g r a l  form is, 

v/ImR*.r = ( 4  

II,E,10 -1 
6 

)/'I] avld U( [(I/Im) + cos 

3ge  Y,Ic;I, Ivamchenko and L,A, Z i18be rmm,  Zxp, i, I'cor, 

40, V, &be;a.okar and z e I 0  l i a lper in ,  I'hys. ilev, Let, 
Fiz ,  - 9  55 2335 (19€8) ,  

- 22, 1364 (13G9)e 
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Fig,g Reduced Current-Voltagp Characteristics 
of a Josephson Junction with Npise Fluctuations, 

The coordinates are those of a reduced current and 

voltage 

which the fluctuations produce an effect on the character- 

istics, In the limit, as approaches infinity, the 

fluctuations produce a negligable effect, 

the chazacteristics obtained are identical to those ob- 

tained by Stewart (Eq, I I , E ,  8) e 

is a pazameter which indicates the degree to 

In this  limit, 

The results of Ivznchenko and Zil?berma+n are ident- 

ical to those found above, In. their analysis, the source 
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of fluctuations was noise in the external circuit, repre- 

sented by a temperature, T f p  greater than the junction 

temperature, These effects have been observed here, 

If aa ref, electromagnetic field is applied to a 

Josephson junction, current steps caa appear in the I-V 

characteristics under certain conditions, If, in addition 

to the field, a d,c, voltage, Vo$ given by, 

is biasing the junction, a step will occurep is the freq- 

quency of the ref, field, This follows from Eqs, II,E,I 

and I I ,E ,4  if one substitutes an ref, voltage 

for V, 33 The steps a l s o  occur f o r  voltages corresponding 

to harmonics of , and were first observed by Shapiro a 

Vlcos 

49 

41* S, Shapiro, Phys, Rev, Lett, zp  80 (196318 
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by EqPgII,D,8 i m  critical Josephson 

s on the magnetic flux, passi though the 

T h i s  flux is, 

where, r 

circular contact), 

the n o m 1  metal barrier, a;nd 2rd; is the cross-sectional 

area, normal to the f l o w  of curren(ts 

is the radius of the junction (assuming a 

a = JN + 2A is the thickness of 

A convenient expression f o r  the reduced voltage cavl 

by substituting E ~ ~ I I , D , ~  into Eq,II,E,8, The 

result is, 

In Pig,lO, m example of EqeII,E,14 is plotted in 

t e r n  of the reduced coordinates, V/I ,RN and  2 

A value of I: = I , %  I, has been chosen f o r  the current, 



46 

Fig, 10 Voltage 
Junction vs Magnetic Field, 

In practice, when a mechanical contact is made bet 

two crossed wires9 it i s  likely that the contact w i l l  be 

formed in more than one location Figell represents a 
42 

Fig, 4 1 A Hypothetical 
Mechanical Contact e 
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a possible configuration of such a situation, The dotted 

lines represent the penetration 

under these ciremtaaces, there are two or more 

Josephson junctions in par the v-H characteris- 

tics w i l l  be changed, They be obtained by substituting 

ES.SI,D,~ h t o  E+JLJL~, The result is, 

where is the cross-sectional area of each junction ma 
a" is the cross-sectional area emlssed by both junctions 

t e r m  of reduced coordinates, value of I = -lelIm has 

been chosen for the current, 

- 0 m lb) 4' - - 6 
W 

0 0 iz 6 0 0 
m 

2 . 
z 

Pig-I2 Voltage Across a Double 
Contact Junction vs Nagnetic Fie ld ,  



The purpose o f  this experiaraen-t w a s  to 

e lec t r ica l  characteristics of the SWS mechanical-contact 

Jmct’ion as a function o f  temperature, magnetic field 

2. metal pe ehrs (where one hoped t o  work in 

both the clean and dirty limits of the normal metal), 

w a s  a l s o  desired to introduce EL second current, by means 

of the  normal metal ,  directly into the junction area and 

observe %he effects on the %-IT characteristics, 

1% 

hen t h i s  work w a s  started, there w a s  no expesimm- 

tal evidence that an SNS contact behaved as a Josephson 

junction, 

currents would pass through such a J ~ c t i ~ n  if were 

thin enough Q .-3OOO angstroms) but the theoretical basis 

Previous experiments 26,43 had shown that super- 

for t h i s  effect w a s  not known at that time, The behavior 

of SMS junction had not been studied in a magnetic 

field and the inherent noisiness of the contact wads the 

438 M, Meismes, Studies of Contacts With Barriers in P 

Between, O M i  
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o u t  at ~ Q W  temperatures, 

The SNS Josephson jmet&on is  a l s o  of  i n t e r e s t  

because of the poss ib le  device appl ica t ions ,  

r e s i a tmce  of the normal metal (as opposed %o the SIS 

The %on 

Himigerode, 



metal, It is useful because it does n ~ %  itsxidim, it has 

wires, 
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m a  seaed i-th an O-ring, The vacuum line leads to a 

ey KS-$7 mec icaJ pumpe The helium bath tempera- 

be varied f rom 4*2K to 2 , 4 K  by pumping on its 

vapor, The pressure is measured ith a mercury-filled 

U-iiube ometer, The corresponding temperature is found 

S 1958 Helium Vapor Pressure-Temperature Scale 
45 Table Pressures are read to an accuracy of 

corresponding to a accuracy of a fraction of a millidegree 

at 3 J M  to several illidegrees at L $ K ,  

The metal construction of the cryostat shields the 

interior of the dewar from most ref radiation, 

it is possible for some radiation $0 enter the cryostat 

through a few un-shielded leads so -that our experiment 

is not completely ref field free, 

However, 

etic materials are used in the construction 

so as to allow the penetration of externally applied 

magnetic fields, In particular, we must be able to com- 

pensate for the earth's magnetic field, 

45* National Bureau of Standards Monograph E__ 10 (June 1960), 
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The temperature of the helium bath is stabilized at 

any desired point with a phase-sensitive temperature con- 

troller a maagainin wire heating element and a carbon 

res is tor themnome t e r  

r e s i s t o r s  (100 ohm) a r e  a l s o  used as l e v e l  detectors in 

the cryostat, 

% 

lm-Bradl ey cwb on c ompos it ion 

Stray magnetic fields, including that of the earth8s, 

must be compensated at the location of the experiment, 

This is accomplished with an external Welaholtz coil, 

The purpose of the sample holder is to support the 

superconducting tin wires and the gold f i l m  mounted be- 

tween then, It must aJ..ao keep them separated until they 

are cooled to 4K, 

The sample holder is mounted in the cryostat as shown 

in Fig,13s 

on the top of the cryostat and a cord passes down to a 

leaf spring on the sample holder ,  

A spring-loaded tensioning device is mounted 

The force is variable, 

* Designed and built by H, IiIeissner, 
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TUBE 

NYLON CORD 

SAMPLE 
HOLDER 

Fig,13 A cut-away view of the 
c ryos ta t  and sample-holder mount 

The sample-holder is shown, i n  more d e t a i l ,  i n  Figel& 

The hole seen on the top  a t  the l e f t ,  is f o r  the support 

tube, It also a l l o w s  the passage of the  cord t o  the l ea f  

spring, The other hole is f o r  the upper t i n  wire holder, 

This holder m y  be moved up and down f o r  proper height ad- 

justment, Om the  b o t t o m  of  the sample-holder, there  is a 

phosphor-bronze leaf  spring, One of the t i n  wires is 

mounted on a phenolic sheet ,  which is f ixed t o  the 
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spring, The other is mounted, at right angles, above it, 

The wires may be positioned with a fraction of'a milli- 

meter separating them, When desired, the leaf spring m y  

up and contact made under a controlled force, 

' ,'PHENOLIC B L O C K  

L D J "  STABLE 
SAMPLE 

UNT 

PHENOLIC 

RAS S 

Fig, 14 Sample-Holder 

The crossed-wire geometry of the contact is shown in 

Fig,15 (tin-electroplated gold-tin) and Fig,16 (tin- 

electroplated gold + gold film-tin), The current and 

potential leads are arranged in standard saH'P pattern, 

Originally, the leads were soldered directly to the tin 

wires, However, it was felt that this might allow super- 

current loops, with disruptive mabetic fields, to form 
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42 Y 

I 
V 

I V 

Fig, 15  SNS Contact 
With Plated Gold, 

I V 

I V 

Fig, 16 SNS Contact 
With Gold Filmo 

at the connection, In later experiments, the connection 

was made by means of brass screws vyith leads epoxied to 

them, When a. second current WQs passed through the jmc- 

tion, the lead was attached directly t o  the gold film by 

means of  a wire hoop supporting the film, 

When a gold  film was used in the experiment, it was 

positioned over one of the tin wires, as shown in Fig,170 

The film is suspended on a copper wire hoop that i s  at- 

tached to the spring-loaded adjusting mechanism shown, 

This device is made from brass, incorporates a stainless 

steel (non-magnetic) coil spring and an 0-80 bras s  screw 

to vary the height of the hoop, 



MECHANISM 

GOLD FILM 

Pig, 17 Arrangement For  
Positioning The Gold F i l m ,  

I1 I e D Sap1 e Prepara,t i on, 

It w a s  originally intended that a gold film, with a 

long electronic mean-free-path, be positioned between two 

bare tin wires, The large coherence length of the gold 

would then permit superconducting tunneling over compar- 

itively large distances, Extensive experiments with this 

azrangement proved that the technique was not feasible, 

A n  oxide layer builds up on the tin and the resulting 

barrier decouples the two superconductors, preventing 

tunneling, AM exception Lo this w a s  when no gold film, 

or an extremely thin go ld  f i l m ,  was placed between the 
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t i n ,  ?Ihen,the usual SIS Josephson currents  were observed, 

so lu t ion  t o  t h i s  problem w a s  found by e lec t ropla t ing  

the t i n  wires w i t h  a t h i n  l w e r  of gold, It was found that 

300 angstroms (A) o r  more, of gold,  would inh ib i t  the 
0 

oxidation t o  a degree that a successful SNS junction could 

be formed, The technique w a s  t o  e lec t ropol i sh  the t i n  

wire (9ge999% pure, extruded t o  a diameter of  0.325m.m) and 

then, very quickly r in se  and immerse i n  the electroplat-  

ing  solut ion,  T h i s  w a s  done j u s t  before the experiment 

axld no more than 1% hours elapsed hefore the wires were 

cooled t o  4K, 

c p a n i d e  (Bakelass) so lu t ion  used a t  room temperature, The 

electropol ishing so lu t ion  w a s  perchloric acid (20 papits) 

and ace t i c  ac id  (70 parts) kept at 0 C, A n  EhlF o f  4 t o  5 

volts w a s  used, The gold used i n  the p l a t ing  process was 

998% pure, 

The e lec t ropla t ing  $elution w a s  an ammonia 

0 

After plating, the wire was r insed i n  -three solutions 

of d i s t i l l e d  water and then cleaned u l t r a son ica l ly  i n  

benzene, It was then cut i n  half and rnountec7n, 

With the above technique, the normal res is tance of 

the SNS contacts was found t o  decrease by two t o  four 

orders of magnitude t o  the IOm4 ohm region, 
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The gold  f i l m  w a s  prepared by vapor deposit ing 9ge999$ 

pure gold onto a heated, polished salt  c rys t a l .  (NaCl) i n  a 

vacuuma The gold f i l m  thus formed is  a s ing le  c r y s t a l  46 e 

The subs t r a t e  is prepared by cleaving a l a rge  sal t  

c r y s t a l ,  (obtained from the  In te rna t iona l  S a l t  Co,, Clarks 

Summit, Penn,) and polishing it on a glass blank, covered 

w i t h  f i l t e r  paper, The paper is impregnated w i t h  a paste  

o f  d i s t i l l e d  wa,ter,.metha.nol and aluminum oxide powder 

(Fisher  Alumina Dry Powder, Type B, I micron p a r t i c l e  

s i z e ) ,  A s  the  pas te  becomes dry, it is dampened w i t h  a, 

so lu t ion  of 90$ methanol ,  105 water, When a good p o l i s h  

is obtained, the c r y s t a l ,  now about 1 inch square and 

inch thick,  is u l t r a son ica l ly  cleaned i n  benzene and 

allowed t o  dry i n  air, 

The c r y s t a l  is mounted i n  a bell jar evaporator 

within 30 minutes o f  preparation, It is  supported with a. 

mask on the b o t t o m  and a hea.t sink on the top ,  The temp- 

e ra ture  is controlled w i k h  a heat  lamp and determined w i t h  

a thermocouple, The arrangement is shown i n  Pige18, 
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- SUPPORT 

Fig,l8 Gold Fi lm 
Vapor Deposition Artangement. 

The mask has 3/16 inch diame-ber holes which provide 

a convenient g o l d  film s i ze ,  

(not shown) which provides a thickness sample, 

It a l s o  has an H-pattern 

t e r  the c r y s t a l  has been mounted, the system is 

evacuated and baked out  at  160°C f o r  about I8 hours, Then, 

over a period of several. hours, the c r y s t a l  is heated 

s l o w l y  t o  prevent cracking from thermal s t resses ,  A t  

a temperattsre of  4lO0C the deposition begins, 

pressure a t  this point is about I ~ l O - ~ t o r r , .  The rate of 

The 

deposition, from the molybdenum boat ,  is about 2 0 0 0 ~ m h  

A t  the end of the deposition, the pressure has risen t o  
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~ X I O - ~  torr, 
.. 

When the vapor deposition is complete, the crystal is 

ed to c o o l  slowly, It can then be removed and stored 

for future uses When needed the gold film is removed 

from the crystal by floatation in water, The salt dis- 

solves ana the film floats off onto the surface, It is 

picked up with a #38 Cu wire hoop, rinsed in water, meth- 

aylol, and benzene and. mounted for use immediately, 

There are three Helmholtz coils used in the experi- 

ment, The first is arge coil used externally and 

equipped with an azimuth adjustment, to compensate for 

the earthss magnetic field, The second is also used 

externally and provides a maximum field of 10 gauss at 

the sample in the x-direction (see Pig,l5 f o r  a definition 

of directions), The third is a small niobium wound coil, 

used inside the cryostat, It was desiped and built by 

P, Tholfsen4’ and provides a maximum field (in the y- 

d.irection) of about 900 gauss at 1,4Ka The ca.librations 

of these coils were checked with a Hewlett Packard 428B 

d,c,  milliammeter with #3529A probe, 

4Ye P, Tholfsen, Ph,D, thesis, Stevens Institute of 
Teciuaolo,T, unpublished (1 969) 



61 

IIIeFe Neasurenents, 

The thickness of the electroplated layer of gold was 

determined from the surface area of the tin wire and the 

application of Faraday's law of electrolysis, A density 
of 19.3 g/cm 3 w a s  assumed for the gold, and a plating 

efficiency of 96% was taken into account, 

The thickness of the epitaxia%ly grown gold f i l m s  

was determined by optical methods 4B949 using the princi- 

ple of multiple-beam interferometqy, 

was grown on a glass substrate, next to the film, The 

accuracy of  this method was usually better than 501. 

The thickness sample 

IIIeF,2e The Mean-Free-Path of the Gold, 

The mean-free-path af the normal metal can be used 

in the determination of the coherence length and it in- 

dicates whether one is in the clean o r  dirty limit of the 

48, W,F,ICoehler, Jour, Opt, Soc, Amera 739 (1953). 
49* K,F,Duffy, Ph,D, thesis, Stevens Institute of 

Technolo6y, unpublished (1964), 
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theory, The mean-free-path of the electroplated.gold can- 

not be measured directly and it can not be used to dete 
, .  

That must be determined experimentally, 

The mea-free-path of the single crystal gold film 

can be determined by a method developed by F ~ c h s ~ ~  and 

reviewed by Dingle5’ and S~ndheimer~~, 

At liquid helium temperatures, the resistivity of a 

bulk normal metal is determined, primarily, from its irn- 

purities, This is increased for thin films by the boun- 

dary scattering of electrons from the relatively large 

surface area, In order to obtain a bulk value of the mea- 

free-path, 

bution of the boundary scattering, 

it is necessary to eliminate the contri- 

The resistance of an H-pattern sample of the gold 

film is determined at room temperature and 4K, This 

infomation, along with the gold thickness, , the 
room temperature conductivit and the ratio of 

to the bulk conductivity give the value of a 

50, Ke Puchs, Proc, Camb,  Phil, Soc, - 34, 100 (1938), 
51. R,B, Dingle, Broc, Roy, SOC, London P A201, 545 (1950). 
52, E,H, Sondheimer, Advan, in Physics - 8  1 8 (1952), 



constat, used in the determination of 

5 

) = l,2x10~910hm--cm is usede From Fuchsf 

* 

= 4,lxIO ohm-’cm”’ and a value 
2 

where a value of 

can be used to find 0 data, a plot of KF vs 

This is plotted in Fig,lgB 

5 4 e NcDonald (Springer-Berlin, 
p. 188, 



. The 

given in 

experimental values of the mea-free-path are 

Table 4 ,  
, .  

Two techniques have been used in the measurement of 

the d,c, voltages across the SNS contact, The first, 

using conventional methods, w a s  not adequate to accurately 

determine the first small voltages to appear across the 

contact, This method was used in early experiments and, 

later, to check the second method at higher voltages, 

The circuit is shown in Fige20, 

1 I 
L,,,-,d 

C R Y  OSTBT 

Fig,20 First Circuit Used to 
Determine I-V Characteristics, 



The current source is a 0-6 v,d,c, fil ed supply-, The 

cwrent fro sea through a iable series 

hunt. The shunt drives the y-axis 

Of x-y recorder, The current then passes through a u 

etea: and OM to the terminals of the s le, The voltage 

across  the s le is detected with a Leeds 

a, C, lifier, whose output drives the x-axis of the x-y 

re c order, 

the eonstmction of SNS jwrzctiom w a s  improved 

the noma1 resistance dropped to tjhe order of a milliobm 

or less a d  junction voltages becape very small for the 

small critical currents encountered, The techniques 

described above were limited by drift and them1 noise, 

The m i n i m  detectable voltage changes were af the order 

of 300 naaovolts (nv), To circ ent the proble 

noise and sensitivity, a phase-lock technique w a s  devel- 

oped, 

For a phase-lock technique to work, the si 'to 

be aetected must be repetitive and fixed in frequency, 

In addition, there must be some reference pease f o r  this 

signal, lifier (a narrow-band, tunable 

instrument that measures the in-phase component of the 

signal) is used to make the measurements, 
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in the d,c, @ha eristics of t 

a 4 kHe s ~ u ~ r e w ~ v e ~  switc between 0 

us’ed e en a voltage is developed across t 

itches from 0 to V, The lock-in lifier measures 

the r , m , s ,  va,lue of the princip Fourier component of the 

ewave voltage, The output of the lifier goes to 

=an x-axis of a Hewlett-Sackard x-y recorder, The record@ 

is calibrated, in d,c, nanovolts, with the lock-i 

lifierg s inte squarewave generatorB, This generator is 

also used -to provide the current for the junction, Its 

output is amplified, passed through a variable resist 

d a shunt and then on to the crossed wires (see Fig,21), 

C. 

-8 
I 

Fige  21 Experimental Set-Up F o r  
Neasuring the Junction I-V Characteristics, 



sees voltmeter (Hewlett-Packard, Model QoE) detects 

the voltage across the shunt, The amplified d,c, output 

is proportiona3 to the d.ce current and drives the y-axis 

of the x-y recorder, 

The lock-in amplifier is a Princeton Applied Research 

(PAR) Model HR-8, A type €31 preamplifier is used in the 

input, The input impedance of this unit is of the order 

of several ohms and most nearly rnatches the l o w  impedance 

of the junction, With this combination, the noise voltage 

is of the order of 9 naraovolt, 

The voltage developed across $he junction consists 

of a resistive and a reactive cornpqnent, The latter is 

due to the inductance and capacitance of the associated 

circuit, By choosing the proper phase setting, one can 

measure just the resistive part of the signal, which is 

then amplified a d  converted to a d,c, B i g x m l  in the lock- 

in amplifier. 

To summarise this technique a d,c, measurement is 

made on the junction by sending an interrupted d,c, cur- 

rent through it, detecting the resulting intermrpteib d,c, 

voltage that is generated, amplifying i - t  ayld converting 

it into an uninterrupted dace signal, 
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The magnetic properties of a Josephson junctio e 
usually expressed in terms of the  magnetic field vs the 

critical current, This procedure involves a tedious 

series of current-voltage measurements at various values 

of applied magnetic field, When one has obtained 50 o r  

more 1-77 traces, the critical current can be measured 

and plotted vs H, The complete 

hours for a complete 1, vs H 

@e. temperature, 

process can take several 

characteristic at a sin- 

This technique has been replaced by a simple, less 

time conswing technique, For a fixed current, the vol- 

tage is plotted as a function of  magnetic field, A seco 

channel of  the x-y recorder is used for this purpose, 

circuit f o r  doing this is show in Fi.322, Here, the box 

labeled a8current supplyt* ( f o r  the SNS junction) contains 

the generator, amplifier, resistance, shunt and voltmeter 

shown in Hige2Ia 

the Helmholtz coil, producing the magnetic field, The 

shunt provides a voltage output which I s  proportional to 

The 

is the current that passes through IH 

IH a d ,  thus, He 



RYOSTAT WITH 5 ELMHOLTZ COIL 
~ N I J  SNS JUNCTION 

Fig,22 Experiment& ISet-Up For 
Heaswing the Junction V-H Characteristics, 

second current could be added to the junction by 

s of the gold f i l m ,  The circuit f o r  doing t 

shown in Fig,23, The second current w a s  fixed at some 

value, either positive or negative with respect to the 

junction current, and the I-If trace w a s  obtained as des- 

cribed in Sec, IIIeFe 3. 
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c - - - - -  t l  --- 

L - - - - - , - J  
CRYOSTAT 

D.C. OUTPUT 

Fig,23 Experimental Set-Up For 
Measuring the I-V Charac ter i s t ics ,  With a 
Second Current Applied To The Junction, 

IV,A, The Contact Area, 

The t i n  wires used i n  t h i s  experiment had a diameter 

o f  0,325 mm, When they were brought together under a, 

force of  approximately 50 grams (at r ight  angles t o  one 

another) ,  the  load bearing a rea  was approximately c i r c u l a r  
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It should be noted that  the contac-&s 
# 

this  %emperatare pressure gs 

c0ntabc.t; 

is the contact force  and r is the e f f ec t  

the contact, 

mentioned i n  Sec,HII, pr$vious e 

contacts had indicated that the cuprent c a r v i n g  area of 

c t iow was orders  of magnitudle l e s s  t the load 

areae It was dete  inea here that  the load bear- 

the current bearing a r e a  are proxim%ely 

ique w e d  w a s  t o  neasure the period, 

w, Of %he TQl%age QSCillatiOnS On the veH "6XW2438e Befel..- 

ring Lo Eqs,%I,E,13 & 1 ill be seen tha-t;, 

€3 a 2  

ow pressure of gold& 
mentally, It was fo 

BT" of gold i 
r e  t i n ,  by appr 
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2 This can be solved f o r  r d yields the area, n r  e 

Due to surface rou the fact that the @ontact 

is not necessarily circulaz, the area, calculated f rom 

this r is not exact, However, the results agree with 

load bearing areas calculated f rom Eq,W, e A COW 

COhP&B) WITM CURRENT BEARING 

The worst agreement occurs when is very annall, 

Then, surface roughness has its greatest effect on -the 

cross-sectional area of the Junction& 
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It is clear t t one would e c t  to see a small- 

that c a c d a t e d  fr 

1g,a4 i s  a 8 observed contact area 

s t e  the s i z e  of the individual 

n this experiment 

bearing area and t ent-bewing mea, 

unless the batter is self-field li 



The c r i t i c a l  cu rent is defined as $kat eu 
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a22ca.x-s to be a temperature dependent field at the contact 

which must be nulled for every separate I-V trace, The 

effect is especially noticable for contacts w i t h  thin 

noma1 metal layers and high critical currents a is 
probably caused by the self-fiela of  the junction currents 

coupled with a large temperature dependence of the penet- 

ration depth near TCe 

The experimental procedure is to set the current at 

m d  H to a value greater than I, and then vary €3, 

obtain a minimum voltage, after this, an I-TT trace is 
Y 

taken, Below 3K9 the procedure beczomes unnecessary, ex- 

cept for high critical. currents, b’ig.25 illustrates an 

example of a I, TTS T trace, taken before this phenomena 

T ( K )  
Fig,25 I, vs ‘i‘ With no Corrections 
Hade in the plied Nagnetic Field, 
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was noticed, Pig,26 shows a t race  o f  I, vs T w i t h  the  

appl ied f i e l d  optimized for maximum Im, 

Pig,26 I, vs T With the Applied 
Blagnetic Field Optimized f o r  I,, 

The changes necessary i n  the applied f i e l d  were generally 

o f  the order o f  0,05 gauss, 

The c r i t i c a l  current  densi ty ,  jmp will be defined as 

the c r i t i c a l  current  divided by the load-bearinz area and 

w i l l  given. i n  units o f  amperes/cm 

used i n  SeceII ,Ca9 it is seen that  t h e  magnitude o f  

va r i e s  as exp(- f o r  a f ixed temperature, A p l o t  

2 From the simple model 

jm 
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of the logarithm of the critical current density versus the 

total normal metal thichess should give a straight line 

if  is reasonably constant, Fig,27 is such a, p l o t ,  ob- 

tained f r o m  data taken at 2K, Included in the data are 

some results obtained by Mei~sner~~ for gold-plated tin 

wire contactse Note that jc = jm in the absence of a 

magnetic field, 

Fig,27 In jc vs + 

As can be seen from these results, the simple model used 

in Sec,II,@ is not sufficient to explain the data, 

It is felt that the rather high contact resistance, 

encountered in these junctions, plays a major role in 
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determining the c r i t i c a l  current,  decrease i n  res is tance 

is found when the t i n  wires a r e  e lectroplated w i t h  up t o  

500A of  gold, T h e r e d t e r ,  no cor re la t ion  between gold  

thickness and res i s tance  can be founds s o ,  measurements 

of  the  r e s i s t i v i t y  o f  gold f i l m s  a t  4 , 2 K  ( l e s s  than 'IO- 

ob-cm) lead t o  an expected contact res is tance of l e s s  than 

0 

6 

ohms, T h i s  is a maximum f igure ,  taking in to  account 
55 the  channel res i s tance  of  the contact 

The r e s u l t s  of  20 experiments, performed before the 

gold-plating technique w a s  developed, showedthat, when the 

res i s tance  w a s  more than I O X ~ O - ~  ohms, the SNS contact did 

not  become measurably superconducting, To explain the data 

obtained, a model is proposed, based on the assumption 

that a thin boundary l aye r  of high disorder and sho r t  mean- 

free-path e x i s t s  between the t i n  wire and the gold,  It is 

proposed tha t  this  l aye r  ( t o  be ca l led  the sMg@ l ayer )  is 

completely responsible f o r  the anomalous contact res i s -  

tance, Physically,  it is probably composed of gold,  t i n  

oxide and in te rmeta l l ic  compounds, It w i l l  be assumed 

that the propert ies  of t h i s  l aye r  a r e  constant f o r  a l l  

experiments, Only the thickness of t h i s  layer  may vary, 

5 5 e  R, H o l m ,  (Hugo Gebers Forlag, 
Stockhol 
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be used is represented in Pig028, 

Fig,28 A Model of the SWS 
Contact, Including the M Layer, 

is the total thickness of the Iv1 layers, Fig,29 shows 

-a -b 
I 1  
I I  
I I  

-x  

a b  
I I  

I I  

I I  

0 X 

Pig,2g Modiel of the S 
ing the Condensatio 
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ode1 used t o  c 

ies, The dotted l i n e  ,represent9 the  straight 

Qf F E&% the 

superconduc t o  l a y e r  interface.  The 

represents  the shape of F(x), Repeat 

i n  Secs,II,B & c ,  a s  ing tha t  P is continuous across the 

fa boundary, assuming that F has the s e depenaence 

i n  IVI as i n  a normal metal, it is  found t h a t ,  

is the coherence length in the electroplated 

gold, given by, 

( d i r t y  l i m i t  IVSB, 2 

are the Fe i veloc i ty  and mean-free-path, 

is the coherence length i n  the IYI layer, given by, 
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where can be found from the normal resistance of 

the contact by, 

and where 

Then the In jc is, 
eN is the resistivity (,unknown) of the M layer, 

where 

aa = 1 

This expression illustrates the dependence of In jc 
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F O U O W ~ K L ~  the analysis of SeceIIe@, the temperature 

dependence of the critical current density i s  given by, 

t S A .  
In jc = C, f(%) - GI t2 IVeB,8 

w i t h  the temperature independent co tats given by, 

8 

Co = In 

and where f(t) 

in ~ig,4, This temperature dependence is for gold in the 

dirty limit in the  Clean limit, The latter o n l y  

involves the value of Co, 

is given by Eq,II,@,IO and plotted, vs t, 

6 

In the case where a single crystal gold f i l m  has been 



savldwiched between the gold-plated t i n  wires, the new 

model must be extended, T h i s  is shown i n  Pige3O, 

EP 

M M 

I\J EP 5, 

-x -c-b -a 0 a bc x 

lFig.30 A Model o f  t he  SNS Contact 
Including the M Layer) Gold-Plating 
and a Single Crystal  Gold Film, 

The s ingle  c r y s t a l  gold f i l m  is represented by 19N”, and 

it has a thickness of 

It w i l l  be asswlzed that there  is a negligable b a r r i e r  

between the gold fila and the gold-plating, and that F(x)  

is continuous across the boundary, Then, following the 

same analysis  as before, the c r i t i c a l  current densi ty  is 

given by, 



w i t h  a, given by EqaIVaBe’7, and where cizn be ob- 

tained from a measurement of the mea-free-path i n  the 

gold f i l m ,  

The temperature dependence of the c r i t i c a l  current  

density,  i n  the dirty l i m i t ,  is, 

I I I  1 
1n j c ( t >  = C, + f(t) - cI tZ IV,B, 12 

a 
w i t h  Co given by EqeTVoB.g9 f(t) given by Eq,II,C,10 

@ I  
and w i t h  CI given by, 

If the s ing le  c r y s t a l  gold  f i l m  is i n  the clean 

l i m i t ,  the  temperature dependence is given by, 



8 e r  
IVeBe 14 611 -b l s t a  jc(t) = C, f ( t )  - cIc t2 - 

P 
with CI given 

If Eq. 33.3.6 i s  correct, the temperature dependent 

parametersPEp and can be evaluated from the data 

of those experiments where there ~s no single crystal 

gold film, The data at 2,OOK (whiere fluctuations have 

a negligible effect) will be used, 

The method is t o  plot la jc versus + 
r2. If a straight line is obtained, the 

slope w i l l  be -1 . It w i l l  be assumed th 

the same for all experiments so that 

also co t, This ratio is not kno can  be found 

by trial and error, 

values of [ 

gives a straight line is chosen, This has been done, and 

the result is shown in Fig, 3 % e  

The data, is plotted for various 

] a d  the value that most nearly 
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Pig, 3% 
In jc vs 2 

3 is 1200 02am””’~Cm”’ for t h i s  M 
p l o t ,  The slope of the l i n e  gives a value f o r  of 

2 is foma t o  be 7,4x1OW9 ohm-cm e 

Included with this data are  data from the initial 



results of eissner 43 e This data, w a s  

Jc 

etic field sett 

to be on the 

OW E~,m,B , ’ I I  caaz be checked by plotting the data 

from the experiments ere a single crystal gold fil 

-ea, If in Jc i s  plottea vs 

is found by applying Eqe11,Be5 N 
(in the dirty liglit)@ This has been done in Fig,32@ 

GOLD FILM 



8% 

) corresponding to 
I _  

e has a, slope (-1 

and this see 8 to fit the dat 

No attempt has b e to evaluate the intercept 

on the IW. jc meta.2. thic 

contact area and res ach zero) because of the 

eters that enter into the e v ~ l u ~ t ~ o ~  of ale 

it would appear that the gold-plated tin co 

exhibit a larger value for the intercept than do the eon- 

tacts with a, gold film, This is probably due t o  an 

additional boundary layer (a monolayer of adsorbed gas on 
the surface of the gold) and discontinuity introduced by 

the additional gold film, 

The temperature dependence of the critical current 

density (Eqs,ITT,B,8, 12 8c 14) cava be checked by plotting 

In jc - f(t) vs t2 in the dirty limit, For low 

temperatures, f(t) does not vary greatly ln J c vs 

- 1 

1 - 
t2 should approach a straight line, This has been do 

in Fig.339 where only data points corresponding to a cur- 

rent density of 

In these plots, jc is expressed in 

In Jc = l Qr greater, haxe been E f h O M e ,  

Clarkez4 has made a similiar plot for the data ob- 

tained for vapor-deposited thin film Josephson junctions 



(SMS), and the results are similiar, 

To show the complete temperature dependence, the 
8 I I  (I c* P =d must be evaluated. CJ is 

found to be, at 2.0K9 
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2 

0 2,0I(; had to be 

where is in cm, RN is in ohms and r* is in ca e 

To obtain this slue, the v a l u e  of 

determined from Eq, I L B ,  2 - 8.90~10-~crn, This 
86 - 276xIOe8cm, CI is found to be, 

and CII is found to be, 

= 2,lxlO 4 
@I1 IVeB,18 

where lengths are in cm and resistance in ohms, 

In Fig, 34, the complete temperature dependence is 
1 

checked by plotting In ,jc - f (t) vs t' e For  the 

dirty limit, the data should give a straight line with a 

slope of - CI On the figure, the expected slope has 

been dram in as a. dashed line. The agreement; is good 

I 

except for the case of very high current densities, It 

is felt that, in. those circumstances, the junction is 

in the region of  self-field limiting, That is, for high 

critical currents, the supercurrent is limited to an 

area around the edge of the junction, and the actual 

current density is considerably greater than that calcu- 

lated from the loa,d area., It would be expected that, for 



decreasing tempera-hres, the mea.sured current  densi ty  

would f a l l  belo the expected current  density, 

f I  I I I 

Fig,34 In J c  - f ( t )  vs t’ 

It can be seen that the  data s e e m  t o  f i t  the  equa- 

t i ons  governed by the d i r t y  l i m i t ,  

2K, w i t h  a mea-free-path of 20,000 calculated 

i n  the d i r t y  l i m i t ,  is 2,3801 

For a gold f i l m  at 

while in the c l e a  



limit, it is 8,560 parently, a much longer ee 

path is necessary to be in the clean limit, 

It should be noted that the term, 

is the difference between two logarithmic te 

near Tcg f (t) varies rapidly with t, In this region, 

there is a very high possibility of error, which could 

explain the anomalous behavior of In jc - f(t) near 

In jc - f(t), 

t = 1 on Fig.34. 

In conclusion, the behavior of the Josephson criti- 

cal current density, as a function of contact resistance, 

contact area, normal metal thickness and temperature 

seems to be well explained by the extended model devel- 

oped in this section, The following tables, 2, 3, and 

4 provide a summary of the data used in this analysis. 
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IV,@., Transition Curves, 

The transition from the normal to the superconducting 

state is characterized by the corresponding resistance vs 

temperature plot, This has been found to exhibit astrong 

dependence on the contact current, as illustrated in 

Fig, 35 for two representative contactso 

I .O 

CURVE 1 , RUN NO. 40 
R,. 0.306rrll, I - IO UA 

CURVE 2 , RUN N0.37 

z 0.5 a 
\ 
a 

0 
2.0 26 3.0 3.5 

Fig. 35 
Reduced Contact Resistance vs Temperature, 

A qualitative explanation for this dependence c m  be 

found if one assumes that the current vs voltage char- 

acteristics of the junctionarethe same as those expressed 

by EqeTIoE.8* If the temperature dependence of jc (as 

in EqeIV,B,12) is added to Eq,II,E,8, it is found that, 



97 

t *I .c, 

erattlres near TcO is a dimensio 

proportional t o  the fixed. current  used. in the measurement 

of E, This expression is p lo t t ed  i n  Fig,36, for d i f f e r e n t  

values of  

Fig, 36 Ideal Plot o f  
Reaucea Resistance vs Temper 

tacts, the re-. 

satwe must be r e fe  

of  tin, under the pressure of 

pressure of t i n  equal to 4.5 o6 gm/cm2, the 

decrease i n  Tc is approxi 



56 of .3*54K Ho ever, if the tin is under this presg 
y in the vici ity of the contact 

in the temperat e of 3@54K to 3@72 el 

s lowered belo 

Another effect that enters into the shape of the 

R/RN vs t Characteristics ia that of fluctuations, 

They are characterized by the parameter 

zero as the effect becomes worse (see Fig,g and EqsII, 

As the temperature of the contact is lowered, the critical 

current increases. Since is directly proportional to 

the critical current, the effect of fluctuations will 

decrease with temperature, The result of this, on the 

Is which approaches 

R/RH vs t characteristics is shown in Pig,37@ Curve I 

is a reproduction of curve 1 of Pig536 not includ 

effect of fluctuations, Cu e 2 is for the 

but including the effect of fluclwations, 

erature of 48K has bee trarily chose 

for the same noise tempe 

fixed current used to measure R, The cu 

e and a higher value of" the 
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Pig.37 An Ideal Plob of Reduced 
Resistance vs Temperbture, Taking 
Into Account the Effect of Fluctuations, 

In conclusion, it is felt that a combjLnation of 

and fluctuation theory is capable of giving EqaTI,E,8 

an. explanation of the R/RN vs t curves obtained by 

experiment, detailed calculation has not been attempted, 



The current-volt acteristics of the SNS con- 

as expressed in ~ q * I I , ~ ~ 8 9  e been obtained 

experimentally, comparison between the theory and the 

data is made in Figs.38, 39 and 40, f o r  a typical contact, 

The I-V characteristic, predicted by Eq,II.E.8p has been 

plotted as a dashed line, 

0.309~10’~ ohms was used for this temperature, , 

A contact resistance, RN9 of 

V ( N V )  



The romaing ~f the I-r% curve in Fig,38 is due Lo 

Fig,liCd shows the effect of severe fluctuations on 

an H-V characteristic, From Eq,II,E, 1 1 the numerical 

value of is 

where I, is expressed in amperes, and T in degrees Melvin, 
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Fige41 16 - T! P l o t s  a,t 
Different Tempera,tures, Hwn # 37@ 

A s  the contact tempera,ture is lowered, 1, increases,  

thus increasing e T h i s  da t a  should be compared w i t h  

Figage The ef fec t ive  noise temperature f o r  t h i s  run is 

of  the order of 80K, 



The magnetic field applied to the S6aS junction 

alters the junction voltage, as explained in Sec,II,E,$, 

The V-H characteristics are especially important because 

they illustrate the unique, periodic behavior, charact- 

eristic of the Josephson junction. They have been used, 

in Sec,W,A., to confirm the current carrying area of the 

contact as being the same as the l oad  bearing area* In 

addition, they shall be shown to e$hibit direct proof for 

the existence of supercurrents in the junction, when the 

critical current has been exceededd 

Fig,42 reproduces the V-H characteristics, at two 

temperatures, for Run # 41., The current has been fixed at 

-7 -----I 
I 

- ----- I---- 
RUN N0.41 
f * 40 UA 
a 1 * 2.386K 
b ? 12.485K 

I 

-1 

Fig, 42 V - H P l o t s ,  R u ~  # 43, 



a, small value, d the voltage has bee 

magnetic field was varied from - 1 gauss to + 1 gauss. 

A n  unexplained effect is noticed here, 

imum in the voltage at H = 0 (It mast be assumed that there 

w a s  a stray field of about 0,07 gauss present here), 

the temperature was lowered, this peak in the voltage was 

replaced by a minimum. 

reco*dbd as the 

There is a m x -  

This is shown in Fig,43, 

I I I I I I 1 

a: T s 2.387 K 
b: T 2.275 K 

H(GAUSS) 

Fige43 V-H Plots, Run # 41, 

Figso44 and 45 show the V-H characteristics for w- 
other junction, The phenomena mentioned for Run # 41 

was not noticed here, There is a noticable discontinuity 

i n  Td seen in 'Phis is believed t o  be due to the 

critical field of tin, 
, 1 I 

180 RUN NO42 9 7 . 3 6 3 6 4  - 7 * 3 S 2 9 U  -'T*?.4S?U 
I ' 6 3 2 U A  u.7'3573U tT*S.SOBU I - ' T * L 3 6 1 K  

1201 1 I 1 i I 

-20 -1s - 10 - 5  -25 0 

Fig,44 V-H Plots, Run # 42, 



1% is felt % res  near T,, the s 

H e to the supres- 

jty of the contacte these temperatures , there 
seem to be no evidence Josepdssn currento However, 

it is entirely possible t h a t  a supercurrent exists 

1 to detect, 

T the V-H plots, mentioned above, 

has been plotted as ction of T, Fige46 is a, plot of 

# 38, Hp is the ma e t i e  field value for 

@cursB The temperature, dependence 

31” to that 0% the bulk c r i t i c a l  

field of a su ctor, A plot of H~ vs yieldla 

er9 the extrapolated v a l u e  of %I at 

T =: 0, is y that of %he eritfca.1 bulk field 

value, This is wdoubtably due to the increase of M in 



the neighborhood of a superconductor (a result of the 

sner effect), 

in a transverse field, the field at the su 
 or an infinite cylindricab superconauctor 

57 superconductor should be twice the applied field 

the crossed ire geometry used here, it i s  quite pr~biz'$le 

that the field at the J ction is three to fo 

appliea field, Pig,$7 is a seproductio of some of the 

data fro ich F i g 4 6  was obtained, 

is lowered, HD increases and more of the J o ~ e p h s ~ n  inte 

fesence patte becomes apparent, The v a h a  of is 

57. E,A, Lpton, see ref,l5$ ~ ~ 2 5 ,  



found. to be independent of the current through the contact, 

RUN NO. 38 

0 

H (GAUSS) 1 

The behavior of the V-Fi characteristics at lower 

temgeratures is sho in ~igs, .$8 and $9. The sharp dip 

in the characteristic is typical, In Fig,@, this dip is 

shorn on an expanded scale as well, ;Fig849 shows the 

discontinuity in V, 

son tunneling ceased, when the critical 

current of the junction were exceeded, there would be no 

oscillations of the voltage observed in the V-H character- 

istics, However, with the excess supercurrents predicted 

by Stewart3*$ one would expect to see such oscillations, 
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The magnitude of the voltage oscillation, 

given by, 

with V given by Eq,II,E,8, V is measured between 

the first and second minimums in the voltage on a V-N 

characteristic, It can be rewritten as, 



IVeDe 3 2 2 "  v = IR# - ( I  - I, / r >?I 

These o s c i l l a t i o n s  have been observed f o r  currents  

well  i n  excess of Ime Fig,50 shows a p l o t  of 

for E m  # 40, The temperature was fixed a t  3.459K m d  

%he current  was v ied up t o  7 times the c r i t i c a l  current, 

R U M  N O . 4 0  
T = 3.459K 

- - - -___ 

TT vs I, Run # 40, 

In the same figure, Eq,IbT,D,3 has been p l o t t e d  f o r  

= 120~10 -6 amps md RN = 3 , 0 6 ~ 1 0 - ~  ohms, ' The agreement Irn 
is good, 



TV,F.E?.. The Nlodification of the I-V Characteristics With a 
Control Current, 

It was found that, with the addition of a second cur- 

rent into the contact, the I-V characteristics could be 

modified, The circuit description is in Sec IIeFe 5 The 

current was introduced by means of the gold film, 

would flow f rom the film, through par t  of the junction 

(the actua.1 flow pattern would be rather complicated and 

has not been analyzed) and into one of the tin wires, 

The current was considered positive if it flowed in the 

direction of the junction current, 

The family of  I-V characteristics obtained in this 

manner are somewhat similar in appearance to those of 

transistors, However, the mechanism is not presently 

understood and results found so far show a gain of less 

than 1 (current gain). No explanation for the effect will 

be attempted here, typical family of curves, at a con- 

stant temperature of 1,36K, is shown in Fige51, 



I l l  

RUN N O  33 

T = 1.36 K 

Fig,51 A FEJBKL~Y Of 1-76 
Characteristics, for R u n  # 339  W i t h ,  a Second 
Current Introduced Into the Junction, 
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V, Conclusions, 

Using a sensitive phase-lock technique, the SNS 

mechanical contact junction has been investigated and found 

to behave like an SIS Josephson junction, 

the findings o f  Clarke24, who made similar observations 

on thin film SMS junctions, with copper as the nom& 

me tal 

This supports 

The current-voltage characteristics of the SNS 

junction have been found to obey the relation, 

predicted by Stewart 38 e The effects of fluctuations upon 

the I-V characteristics, predicted by Ahbegoakar and 

IlalperinLEo9 have a l s o  been observed, and correspond to \a 

noise temperature of about 80K, 

A technique w a s  developed to dete ne the magnetic 

properties of the Josephson junction f rom its voltage- 

magnetic field characteristics, The observed oscillations, 

8, of V with H, were used to determine the current 

bearing area of the contact, This was found to be 

approximately the same as the load bearing area ( -  10--5c& 



43 in contradiction with earlier results The load bearing 

area was obsemed microscopically, visually confirming the 

calculated area, In addition, an expression for vs H 

was derived for the case when I > Ime 

v = [ I  - (1 - If /I*)+] 

This result was verified by experiment, and provides 

additional. confirmation for the presence of excess super- 

current~~~ in the junction, 

The resistance-temperature characteristics of the 

junction, illustrative of the transition f r o m  the nom& 

state to the superconducting s t a t e ,  were plotted and their 

shape was qualitatively explained by the theopj of 

fluctuations and excess supercurrents, 

It was found that a second current, introduced 

directly into the nolrnal metal area of the junction, can 

change the 1-8 characteristics m d  a c t  as a. control cur- 

rent, The gain (if this effect were used f o r  mgli- 

fica.tion) is currently a fraction of unity, and a, theory 

for the  effect has no: been at-tenpted, 

The critical cu,rrent density of t h e  junction was 



found t o  be dependent on se l f - f ie lds  near TCe 

pendence is a funct ion of tenperature and the ef€ect  must 

be comgensated by external ly  applied f i e l d s  i n  order t o  

obtain completely valid data., 

The de- 

The simple node1 of a SITS junction, proposed by 

deGennes and used by Clarke 24 t o  describe the th in  

f i l m  SNS junction, was not  adequate t o  describe the cur- 

r e n t  densi ty  o f  the  mechanical contact junction, A 

modification of  t h i s  theory has been made t o  account f o r  

the higher res is tance of t h i s  tgpe of junction, An ex- 

pression €or the current  densi ty  w a s  found t o  be, 

is the coherence length i n  the go ld ,  is  

the thickness of the gold (e lectroplated)  is the 

r e s i s t i v i t y  o f  a boundary layer assumed t o  be responsible 

f o r  the  contact  resis"i;ce is the coherence 

lenz th  i n  t h i s  boundary layer ,  the contact area is Tr 

and a1 is a constant, 

density v:as reasonably well a.ccounted f o r  and the d a t a  

yielded a. value o f  

7.4x?0'3 o h - c n  2 2Ee 

2 

With t h i s  model, the current  

0 - = 890A '2 2K md - El? 
2 
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This model also predicts a temperature dependence 

for the critical current density 

B 8 

where Co and CI are temperature independent cons 

f(t) has a h o w  teraperature dependence and has been 

plotted (see Fig,4)6 CI can  be calculated from measured 

parameters and the predicted slope of 

9 

In Jc  - €(t) vs 
1 
L 

ta gives reasonable agreement with the data, 

With the addition of another layer of gold (M) to 

%he junction, the current density is found, from the model, 

to be, 

The experimental results fit this expression with 

reasonable agreement, 

It had been hoped that the clean limit of the gold 

would be reached by growing the additional N layer as a 

single crystal e From the temp e ramre dependence of the 

critical current density, it appears that this g o a l  was 

not obtained, 
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